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HIGHLIGHTS 


►  Smo.5Sro.5C01  xNbx03^«5  (x  =  0,  0.05,  and  0.1)  are  investigated  by  the  effect  of  Nb. 

►  Electrical  properties  are  identified  by  a  four-terminal  d.c.  arrangement  in  air. 

►  Electrochemical  performances  are  investigated  using  an  Ni-GDC  anode-supported  cell. 

►  Thermodynamic  properties  are  estimated  from  the  oxygen  isotherms. 
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The  perovskite  oxides,  such  as  (La,Sr)Co03  and  (Ba,Sr)Co03,  have  received  much  attention  in  recent 
years  as  cathode  materials  for  intermediate  temperature  solid  oxide  fuel  cells  (IT-SOFCs).  In  this 
study,  we  have  investigated  the  structural,  electrical,  electrochemical,  and  redox  properties  of 
Smo.5Sro.5Coi_xNbx03_,5  (SSCNbx)  cathodes  under  conditions  relevant  to  IT-SOFC  operation.  The  SSCNbx 
(x  =  0,  0.05,  and  0.1)  oxides  show  gradually  decreasing  electrical  conductivity  with  increasing  Nb 
doping  at  the  same  temperature.  The  maximum  power  density  of  SSCNbx  (x  =  0.05,  0.1 )  is  lower  than 
that  of  SSC;  however,  SSCNbx  (x  =  0.1)  is  more  stable  than  SSC  considering  the  thermodynamic 
behaviour,  as  determined  through  redox  isotherms.  These  results  suggest  that  an  Nb  doped  SSC 
perovskite  is  suitable,  considering  its  high  power  density  and  reasonable  redox  stability,  as  an  IT-SOFC 
cathode  material. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Solid  oxide  fuel  cells  (SOFCs)  have  been  studied  as  a  new  power 
generation  device  on  the  strengths  of  their  high  conversion  effi¬ 
ciency,  low  emissions,  and  excellent  fuel  flexibility.  The  require¬ 
ment  for  high  operating  temperature  ranging  from  800  to  1000  °C, 
however,  raises  crucial  issues  such  as  high  material  costs  and  high 
rates  of  formation  of  electrical  and  chemical  insulating  phases 
during  the  cell  fabrication  and  operation.  The  focus  of  recent 
research  on  SOFC  technology  has  thus  shifted  towards  intermediate 
temperature  operation  ranging  from  500  to  700  °C  [1—3].  The 
reduction  of  operating  temperature,  however,  leads  to  a  significant 
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decrease  in  cathode  activity.  Therefore,  an  appropriate  cathode 
material  for  IT-SOFCs  should  have  high  electrical  conductivities  and 
high  catalytic  activity  for  the  oxygen  reduction  reaction  as  well  as 
a  thermal  expansion  coefficient  that  is  compatible  with  the  elec¬ 
trolyte  [4-6]. 

In  this  regard,  mixed  ionic  and  electronic  conductors  (MIECs) 
containing  Mn,  Fe,  Co,  and/or  Ni  with  the  capability  to  conduct 
oxygen  ions  and  electrons  simultaneously  are  strong  candidates  as 
IT-SOFC  cathodes  [7-12].  Among  the  various  MIEC  oxides,  cobalt 
containing  perovskite  oxides  such  as  (La,Sr)Co03  and  (Ba,Sr)Co03 
have  attracted  strong  interest  due  to  their  high  electrocatalytic 
activity  for  the  oxygen  reduction  reaction  [13—15].  The  high  cata¬ 
lytic  activity  of  LSC  can  be  explained  by  its  high  ionic  conductivity 
with  lower  overpotential  and  high  oxygen  vacancy  concentration, 
which  facilitates  rapid  migration  of  oxygen  species  through  the 
bulk  as  well  as  the  surface  of  the  electrode  material.  In  addition, 
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recent  reports  investigating  Co-based  perovskites,  such  as 
Sm0.5Sr0.5CoO3_5  (SSC),  have  also  garnered  notable  attention. 
Fukunaga  et  al.  measured  the  reaction  of  a  dense  SSC  cathode  and 
found  that  the  surface  exchange  constants  are  one  order  of 
magnitude  larger  than  the  corresponding  values  for 
Lao.6Sro.4Co03_,5  [4,14—17]. 

Co-based  perovskites,  on  the  other  hand,  show  very  large 
thermal  expansion  coefficients  (TECs),  which  causes  mismatch 
between  the  cathode  and  electrolyte.  This  mismatch  degrades  the 
long-term  stability  and  durability  for  thermal  cycling  in  SOFC 
systems  [18-22]. 

Nagai  et  al.  demonstrated  that  the  stability  of  the  perovskite 
structure  is  enhanced  by  substituting  B-sites  with  cations  having 
a  higher  valence,  and  Nb  is  the  most  effective  dopant  for  improving 
the  chemical  stability  of  Co-based  perovskite  oxides  [23,24].  It  has 
been  reported  that  the  introduction  of  Nb  in  the  B-sites  of  cobalt- 
based  perovskites  can  improve  the  electrochemical  performance 
and  chemical  stability  for  SOFC  application,  with  10%  Nb  doping  on 
BaCoi_xFe*03_<5  [25]. 

Based  on  these  results,  Nb  doped  SSC  is  regarded  as  a  suitable 
cathode  material  that  can  provide  high  cell  performance  and 
stability.  The  aim  of  this  study  is  to  assess  the  behaviour  of  Nb 
doped  SSC  through  characterization  of  the  redox  properties  and 
electrochemical  performances  in  terms  of  its  application  as 
a  cathode  for  IT-SOFCs. 

2.  Experimental 

Sm0.5Sr0.5Coi_xNbxO3_5  (SSCNbx)  oxides  were  synthesized 
using  the  Pechini  process  to  form  submicron  powder  particles. 
Metal  nitrates  were  employed  both  as  metal  precursors  and 
oxidizing  agents.  Citric  acid  and  niobium  oxalate  hydrate  (Alfa 
aesar,  CioH5Nb02  *xH20)  were  added  to  a  hydrogen  peroxide  (H2O2) 
solution  under  heating  (~50  °C)  to  increase  the  solubility  of  the 
Nb-complex.  Stoichiometric  amounts  of  Sm(N03)3-6H20  (Aldrich, 
99.9%,  metal  basis),  Sr(N03)2  (Aldrich,  99+%),  and  Co(N03)2*6H20 
(Aldrich,  98+%)  were  added  into  a  beaker  containing  a  suitable 
amount  of  concentrated  nitric  acid  solution  under  continuous 
heating  and  stirring  with  the  Nb  precursor.  An  adequate  amount  of 
ethylene  glycol  was  added  into  the  beaker  after  the  mixture  was 
dissolved.  After  a  viscous  resin  was  formed,  the  mixture  was  heated 
to  roughly  300  °C.  The  resultant  powder  was  pre-calcined  at  700  °C 
for  4  h,  and  ball-milled  in  acetone  for  24  h.  The  powder  was  pressed 
into  pellets  and  sintered  at  1150-1200  °C  for  4  h  in  air.  For  the 
measurement  of  cell  performances  of  SSCNbx  cathodes,  slurries 
consisting  of  powders,  GDC,  and  an  organic  binder  at  a  weight  ratio 
of  6:4:12  were  used. 

The  structure  and  the  morphology  of  the  SSCNbx  were  charac¬ 
terized  by  X-ray  diffraction  (XRD)  and  scanning  electron  micros¬ 
copy  (SEM).  X-ray  powder  diffraction  measurements  (Rigaku 
diffractometer,  Cu  Ka  radiation)  were  performed  to  confirm  the 
structure  with  a  scan  rate  of  0.6° min- 1 

Symmetrical  electrochemical  cells  with  a  configuration  of 
electrode/GDC/electrode  were  applied  for  the  impedance  studies. 
Ceo.9Gdo.1O1.95  (GDC)  was  used  for  the  electrolyte  to  avoid  interfa¬ 
cial  reactions  between  the  electrolyte  and  the  cathode,  because  the 
LSGM  electrolyte  and  YSZ  electrolyte  may  react  with  the  Sr  doped 
lanthanide  cobaltites  [26].  The  GDC  powder  was  pressed  into 
pellets,  and  sintered  at  1350  °C  for  4  h  in  air  to  obtain  a  dense 
electrolyte  substrate.  The  cathode  slurry  was  painted  onto  both 
surfaces  of  the  dense  GDC  electrolyte  symmetrically  and  subse¬ 
quently  sintered  at  950  °C  for  4  h  under  an  air  atmosphere. 

Electrochemical  performances  of  the  SSCNbx  cathode  were 
evaluated  with  Ni-GDC  anode-supported  single  cells.  To  measure 
cell  performance,  the  SSCNbx  powders  and  GDC  were  mixed  at 


a  weight  ratio  of  6:4  and  ball-milled  for  12  h.  The  Ni-GDC  cermet 
anode,  thereafter,  was  fabricated  from  a  mixture  of  nickel  oxide, 
GDC  prepared  by  GNP,  and  starch  at  a  weight  ratio  of  6:4: 1.5.  This 
mixture  was  ball-milled  in  ethanol  for  24  h.  The  GDC  powder 
electrolyte  was  pressed  over  the  pelletized  Ni-GDC  cermet  anode. 
The  Ni— GDC/GDC  anode-electrolyte  layer  was  sintered  at  1350  °C 
for  5  h.  For  the  top  layer  cathode,  the  SSCNb  slurries  were  painted 
on  the  GDC  electrolyte.  The  cells,  with  an  active  electrode  area  of 
0.36  cm2,  were  finally  sintered  at  950  °C  for  4  h  under  an  air 
atmosphere.  Ag  wires  were  attached  to  both  the  anode  and  cathode 
of  a  single  cell  using  Ag  paste  (SPI  Supplies,  05063-AB)  as  a  current 
collector.  An  alumina  tube  was  employed  to  fix  the  single  cell  using 
a  ceramic  adhesive  (Aremco,  Ceramabond  553).  H2  containing  3% 
H20  was  applied  through  a  water  bubbler  with  a  flow  rate  of 
20  mL  min-1,  while  air  was  applied  as  an  oxidant  and  supplied  to 
the  cathode  by  ambient  air  flow  during  the  single  cell  test.  A  Bio- 
Logic  Potentiostat  was  used  to  measure  impedance  spectra  and  I—V 
curves.  Impedance  spectra  were  recorded  under  OCV  in  a  frequency 
range  of  1  mHz— 500  kHz  with  AC  perturbation  of  14  mA  at  700  °C. 
I—V  polarization  curves  were  measured  between  500  and  650  °C. 

Coulometric  titration  was  used  to  evaluate  the  exact  redox  state 
of  a  composite  as  a  function  of  p(02).  The  detailed  procedure  has 
been  described  elsewhere  [27].  The  oxide-sample  was  placed  in 
a  sealed  container  at  the  temperature  of  interest  and  equilibrated 
sufficiently  by  passing  a  mixture  of  gases  (5%  02  in  Ar)  over  it.  The 
yttria-stabilized  zirconia  (YSZ)  tube  (McDanel  Advanced  Ceramic 
Technologies,  Z1 5410630)  was  used  both  to  electrochemically 
pump  oxygen  out  of  the  system  and  to  sense  the  equilibrium  p( 02) 
inside  the  tube.  The  criterion  we  used  for  establishing  equilibrium 
in  coulometric  titration  was  that  the  potential  of  the  oxygen  sensor 
changed  by  less  than  1  mV  h-1.  The  electrical  conductivity  of  the 
composite  slabs  was  measured  via  the  4-probe  method  with 
a  BioLogic  Potentiostat. 

3.  Results  and  discussion 

Fig.  1  (a)  presents  typical  XRD  patterns  of  SSC  fired  at  1150  °C  and 
SSCNbx  (x  =  0.05,  0.1,  0.15,  and  0.2)  fired  at  1200  °C.  The  patterns 
suggest  that  the  SSCNbx  samples  have  a  single-phase  perovskite 
structure  without  any  detectable  impurity  phases  up  to  x  =  0.1  and 
the  Sr(Co0.5Nb0.5)O3  secondary  phase  (JCPDS  00-052-0666)  started 
to  form  with  Nb  content  above  x  =  0.1.  This  indicates  that  SSC  can 
form  a  solid-solution  with  Nb  content  of  x  <  0.1. 

The  XRD  powder  pattern  of  the  SSCNbx  cathode  is  analyzed  by 
Rietveld  refinement  to  demonstrate  its  crystal  structure.  The 
SSCNbx  (x  =  0.1)  cathode  could  be  indexed  to  an  orthorhombic 
structure  (space  group:  Pbnm),  as  illustrated  in  Fig.  1(b).  As 
summarized  in  Table  1,  the  unit  cell  parameters  increase  with 
increasing  Nb  content,  leading  to  an  increase  of  unit  cell  volume. 
While  the  valence  states  of  Co  ions  mostly  are  +3  or  +4,  Nb  ions 
exist  as  a  fixed  valence  state  of  +5  in  SSCNbx  oxides.  If  Nb5+  ions  are 
substituted  for  Co3+  or  Co4+  in  B-sites,  a  reduction  of  Co  ions  (from 
Co4+  to  Co3+)  and/or  a  decrease  of  oxygen  vacancy  concentration 
would  occur  to  maintain  electroneutrality  [28,29]. 

XRD  patterns  of  SSCNbx-GDC  powder  composites  calcined  at 
1000  °C  are  obtained  in  order  to  check  their  chemical  stability. 
There  appear  to  be  no  detectable  reactions  between  SSCNbx  and 
GDC  and  the  patterns  verify  that  the  SSCNbx  (x  =  0.1)  sample, 
for  example,  maintains  a  stable  perovskite  structure,  as  seen  in 
Fig.  2. 

Cross-sectional  SEM  images  of  a  single  cell  and  cathode  are 
displayed  in  Fig.  3.  The  bottom  side  indicates  the  microstructure  of 
the  dense  GDC  electrolyte  and  the  upper  side  shows  the  micro¬ 
structure  of  the  porous  cathode  made  of  SSCNbx-GDC  (x  =  0.1) 
after  calcination  at  950  °C,  as  presented  in  Fig.  3(a).  The  thickness  of 
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Fig.  1.  (a)  XRD  pattern  of  Sm0.5Sro.5Coi_xNbx03_5  after  sintered  at  1150-1200  °C,  and 
(b)  Rietveld  refinement  of  Sm0.5Sr0.5Coi_xNbxO3_5  (x  =  0.1)  data  from  room 
temperature. 

the  cathode  layer  and  the  GDC  electrolyte  is  approximately  15— 
20  pm,  respectively.  The  microstructure  of  all  SSCNbx  (x  =  0,  0.05, 
and  0.1 )  samples  is  similar,  thus  showing  that  the  microstructures 
of  the  samples  are  apparently  insensitive  to  Nb  substitution. 

The  thermogravimetric  analysis  of  SSCNbx  cathodes  with 
temperature  in  air  is  shown  in  Fig.  4.  The  room  temperature  oxygen 
content  of  SSCNbx  (x  =  0,  0.05,  and  0.1)  is  set  to  be  3.0  through 
iodometric  titration.  The  TGA  curves  show  that  significant  weight 
loss  occurs  above  300  °C  due  to  the  loss  of  oxygen  from  the  lattice. 
The  weight  loss  of  the  sample  over  the  entire  temperature  range 
decreases  with  increasing  Nb  content,  possibly  due  to  the  stronger 
Nb-0  bond  compared  to  the  Co-0  bond,  which  would  suppress 
the  oxygen  loss  of  the  samples  with  high  Nb  content  upon  heating 
the  samples. 


Table  1 

Space  group  and  structure  parameters  of  Smo.5Sr0.5Coi_xNbx03_,5  oxides. 


X 

Space 

group 

a  (A) 

b  (A) 

c  (A) 

Volume 

(A)3 

Oxygen 

contents 

0 

Pbnm 

5.3979 

5.3883 

7.6243 

221.7566 

3.0 

0.05 

Pbnm 

5.4294 

5.3923 

7.6216 

223.1372 

3.0 

0.1 

Pbnm 

5.4333 

5.4037 

7.6400 

224.3098 

3.0 

Fig.  2.  XRD  patterns  for  (a)  Smo.sSro.sCoo.gNbo.iO^  powder,  (b)  GDC  electrolyte,  (c) 
Smo.5Sro.5Co0.9Nbo.i03_5-GDC  composite  after  sintered  at  950  °C  for  4  h. 

The  temperature  dependence  of  the  electrical  conductivity  of 
SSC  in  air  is  presented  in  Fig.  5.  The  electrical  conductivity 
decreased  monotonically  with  temperature,  showing  metallic 
behaviour  over  the  entire  temperature  range.  The  faster  decrease 
in  conductivity  at  higher  temperatures  could  be  due  to  the 
formation  of  a  significant  amount  of  oxide  ion  vacancies  [1].  The 
formation  of  oxide  ion  vacancies  is  accompanied  by  a  reduction  of 
Co4+  to  Co3+,  which  results  in  a  decrease  of  the  charge  carrier 
concentration  and  Co-0  covalency,  respectively  [1,13].  The  elec¬ 
trical  conductivity  decreases  with  further  increases  of  the  Nb 
doping  content.  For  the  perovskite  MIECs,  simultaneous  transport 
of  oxygen  ions  and  electronic  conduction  is  achieved  in  these 
oxides.  The  transport  of  oxygen  ions  proceeds  through  hopping 
of  oxygen  vacancies,  while  transport  of  electrons  is  along  the  Bn+- 
O2-— B(n“1)+  network  due  to  overlapping  between  B:3d  and  0:2p 
orbitals  [30].  The  increase  of  Nb  doping  leads  to  an  increase  of  non¬ 
conducting  Nb-0  bonds,  which  obstructs  electronic  transport 
through  O-Co— O  bonds  and,  as  a  result,  the  electrical  conductivity 
decreases  [29,30]. 

The  impedance  spectra  for  the  symmetric  cells  (SSCNbx— GDC/ 
GDC/SSCNbx-GDC)  by  AC  impedance  spectroscopy  with  various 
temperatures  in  air  are  shown  in  Fig.  6.  In  these  spectra,  the 
intercepts  with  the  real  axis  at  low  frequency  designate  the  total 
resistance  of  the  cell  and  the  value  of  high  frequency  is  the  ohmic 
resistance  of  the  cell.  The  difference  between  the  two  values  on  the 
real  axis  indicates  the  sum  of  the  cathode-electrolyte  interface 
impedance  and  non-charge  processes,  including  oxygen 
surface  exchange,  solid-state  diffusion,  and  gas-phase  diffusion, 
and  is  identified  as  the  non-ohmic  resistance  of  the  cell  [11].  The 
non-ohmic  resistance  values  of  SSCNbx  (x  =  0,  0.05,  and  0.1) 
symmetrical  cells  are  0.061  Q  cm2,  0.081  Q  cm2,  and  0.107  Cl  cm2, 
respectively  at  650  °C.  From  these  data,  the  apparent  activation 
energies  (Ea)  of  SSCNbx  (x  =  0,  0.05,  and  0.1 )  are  calculated  to  be 
100.21  kj  mol-1,  99.20  kj  mol-1,  and  96.35  kj  mol-1,  respectively. 
The  increase  of  the  ASR  with  an  increase  of  Nb  is  possibly  due  to  the 
decreased  electrical  conductivity  and  oxygen  vacancy  concentra¬ 
tion  [11,31,32]. 

The  performance  of  the  SSCNbx  cathodes  in  SOFCs  is  measured 
using  the  GDC  electrolyte  with  humidified  H2  (3%  FI2O)  as  a  fuel  and 
static  ambient  air  as  an  oxidant  in  a  temperature  range  of  500- 
650  °C.  Fig.  7  shows  the  I—V  curves  and  the  corresponding  power 
density  of  the  SSCNbx  cathodes.  The  open-circuit  voltages  of  the 
SSCNbx  cells  are  typically  0.8  V  at  700  °C  and  increase  with 
decreasing  operating  temperature.  The  maximum  power  densities 
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Fig.  3.  SEM  images  of  (a)  cross-sectional  view  of  the  single  cell  and  Sm0.5Sro.5Coi_xNbx03_,5  cathode  with  GDC  electrolyte  in  a  single  cell  configuration;  (b)  x  =  0,  (c)  x  =  0.05,  and  (d) 
x  -  0.1. 


of  the  SSCNbx  (x  =  0, 0.05,  and  0.1 )  cathode  material  are  1.229, 1.172, 
and  0.951  W  cm-2,  at  600  °C,  respectively. 

The  electrical  conductivities  for  SSCNbx  measured  at  various 
p(02)  are  shown  in  Fig.  8.  The  electrical  conductivities  increased 
with  p( O2)  in  all  cases  over  the  entire  temperature  range,  indicating 
that  this  material  is  a  p- type  electronic  conductor  under  the 
experimental  conditions.  The  predominant  defects  in  SSCNbx  are 
oxygen  vacancies,  Vo  and  Coc0‘.  The  pseudo-chemical  reaction 


between  the  oxygen  vacancies  and  the  surrounding  gas  can  be 
expressed  as  Eq.  (1)  [17,29]. 

^  02  +  V’0’  +  2Co£0  ^  O*  +  2Co'Co  (1) 

Therefore,  an  increase  in  oxygen  partial  pressure  would  lead  to 
a  decrease  in  the  concentration  of  oxygen  vacancies  and  an  increase 
in  the  concentration  of  electronic  holes,  which  would  in  turn 


3.05 


2  7 1  1  1  1  1  1  1  1  1 

'100  200  300  400  500  600  700  800  900 

Temperature  (°C) 


Fig.  4.  Thermogravimetric  data  of  Sm0.5Sro.5Coi_xNbx03_«5  (x  =  0,  0.05,  and  0.1)  as  Fig.  5.  The  electrical  conductivity  data  for  Smo.5Sr0.5Coi_xNbx03_5  (x  =  0, 0.05,  and  0.1) 
a  function  of  temperature.  as  a  function  of  temperature  in  air. 
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Fig.  6.  (a)  Arrhenius  plot  of  the  area  specific  resistance  for  Sm0.5Sr0.5Coi_xNbxO3_5 
(. x  =  0,  0.05,  and  0.1)  at  various  temperatures. 

increase  the  p- type  electrical  conductivity  [11].  The  electrical 
conductivity  is  high  enough  at  the  IT-SOFC  operating  temperature 
(650-750  °C)  down  to  a  low  oxygen  partial  pressure.  The  electrical 
conductivities  of  SSC  dramatically  decreased  at  a  p( O2)  of  approx¬ 
imately  10-6  atm  and  the  SSC  appears  to  decompose  thoroughly  at 
a  p(02)  of  10  7  atm.  In  contrast,  the  electrical  conductivities  of 
SSCNbx  (x  =  0.1 )  retain  acceptable  values  down  to  a  lower  p(02)  of 
10  7  atm.  The  higher  redox  stability  of  SSCNbx  (x  =  0.1)  than  SSC 
down  to  a  lower  p(02)  at  the  same  temperature  is  attributed  to  the 
positive  effect  of  Nb  on  the  stability  [23,24,32]. 

Fig.  9  shows  the  equilibrium  oxygen  nonstoichiometries  for 
SSCNbx  determined  by  coulometric  titration  as  a  function  of 
p(02)  at  temperatures  of  650,  700,  and  750  °C  [27,33].  Under 
operation  conditions,  the  interface  of  SOFCs  between  the  elec¬ 
trolyte  and  the  cathode  experiences  a  lower  p(02),  which  may 
cause  redox  degradation  of  the  cathode  and  affect  the  long-term 
stability  of  the  cathode  performance  [34].  The  data  show  that  the 
isotherms  of  SSCNbx  at  three  different  temperatures  (650,  700, 
and  750  °C)  have  similar  shapes,  suggesting  that  the  reduction 
mechanisms  are  quite  similar.  As  the  temperature  decreases,  the 
decomposition  p(02)  becomes  lower  and  the  isotherms  are 
extended  to  the  left  and  the  concentration  of  oxygen  vacancies 
increases.  It  is  shown  that  SSCNbx  (x  =  0.1)  has  a  higher  redox 
stability  than  SSC  down  to  a  lower  p(02)  at  the  same  tempera¬ 
ture.  For  example,  at  700  °C,  the  SSC  sample  starts  to  decay  at 
a  p(02)  of  approximately  10-6  atm  and  appears  to  decompose 
thoroughly  at  a  p(02)  of  10  7  atm;  the  SSCNbx  samples  mean¬ 
while  are  stable  to  a  lower  p(02),  10~7  atm.  The  higher  redox 
stability  of  the  SSCNbx  oxides  can  be  a  key  factor  for  attaining 
stable  electrochemical  properties  of  a  cathode  material  for  viable 
operation  of  IT-SOFCs.  Therefore,  Nb  doped  SSC  oxides  can 
be  regarded  as  suitable  cathode  materials  in  terms  of  redox 
stability  [33]. 

The  partial  molar  enthalpy  and  entropy  of  oxidation  can  be 
calculated  from  the  slopes  of  the  isotherms.  The  Gibbs  free  energy, 
AG,  is  related  to  the  equilibrium  constant,  I<,  and  p(02)  as  follows, 


Fig.  7.  I-V  curves  and  corresponding  power  density  curves  of  single  cell  Ni-GDC/GDC/ 
Sm0.5Sro.5Coi_xNbx03_5  ( x  =  0,  0.05,  and  0.1)  in  various  temperatures. 


Fig.  8.  The  electrical  conductivities  of  the  Sm0.5Sr0.5Coi_xNbxO3_5  ( x  =  0,  0.1)  in 
various  p(02). 


Power  Density  (W  cm  )  Power  Density  (W  cm  )  Power  Density  (W  cm  ) 
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Fig.  11.  Partial  molar  entropy  of  oxidation  (A5)  at  700  °C  of  Smo.5Sr0.5Coi_xNbx03_«5 
Fig.  9.  The  isotherms  of  the  Sm0.5Sr0.5Coi_xNbxO3_5  ( x  =  0,  0.1).  (*  =  o,  0.1). 


AG  =  —RT  In  I<  =  ij RT  In  p(02)  (2) 

At  a  constant  <5,  the  partial  molar  enthalpy  of  oxidation  at  various 
temperatures  is  shown  by  the  Gibbs-Helmholtz  equation  [35]. 


The  partial  molar  entropies  of  oxidation,  calculated  from  the 
differences  in  the  Gibbs  free  energies  and  the  enthalpies,  are  shown 
in  Fig.  11.  It  appears  that  the  probability  of  oxygen  vacancy  forma¬ 
tion  rises  as  the  concentration  of  oxygen  vacancies  increases. 


AH  = 


R  gin  [p( 02)] 

2  8(VT)  , 


(3) 


And  the  partial  molar  entropy  can  be  obtained  by  using  the 
Maxwell  relation  as  follows. 


9AG  _  (R\  f  a  T  In  [p(02)]\ 

9  T  \2j\  dT  )s 


(4) 


The  partial  enthalpies  of  oxidation  for  SSCNbx  are  calculated 
from  Eq.  (3)  and  presented  in  Fig.  10.  There  are  dramatic  changes  in 
the  oxidation  enthalpies  according  to  the  extent  of  reduction.  In  the 
case  of  Nb  doped  on  a  Co-based  oxide,  the  energy  states  of  Nb  ions 
are  located  far  above  the  Fermi  level,  and  thus  the  electrons 
released  by  the  formation  of  oxygen  vacancies  under  a  reducing 
atmosphere  would  results  in  little  deterioration  of  the  bonds 
between  Nb  and  O  ions.  The  resilient  Nb-0  bonding  can  thus 
stabilize  the  oxide.  Furthermore,  Nb  doping  raises  the  formation 
energy  of  oxygen  vacancies  in  perovskites  [23]. 


4.  Conclusion 

Smo.sSro.sCoi-xNbxOs-^  (SSCNbx)  perovskite  oxides  have  been 
investigated  as  a  cathode  material  for  IT-SOFCs.  It  is  shown  that  Nb 
doping  has  a  significant  effect  on  the  electrical  conductivity,  elec¬ 
trochemical  performance,  and  redox  stability  of  the  SSCNbx  oxides. 
SSCNbx  (x  =  0,  0.05,  and  0.1)  oxides  show  gradually  decreasing 
electrical  conductivity  with  increasing  Nb  doping  at  the  same 
temperature.  The  impedance  spectra  for  symmetric  cells  are 
measured  by  AC  impedance  spectroscopy  at  various  temperatures 
in  air.  The  non-ohmic  resistance  of  SSCNbx  (x  =  0,  0.05,  and  0.1 ) 
symmetrical  cells  is  0.061  Qcm2,  0.081  Qcm2,  and  0.107  Qcm2, 
respectively,  at  650  °C.  The  increase  of  the  ASR  with  an  increase  of 
Nb  is  possibly  due  to  the  decreased  electrical  conductivity  and 
oxygen  vacancy  concentration.  The  electrochemical  performances 
of  SSCNbx  are  measured  using  an  anode-supported  cell  based  on 
a  GDC  electrolyte  with  humidified  H2  (3%  H20).  The  maximum 
power  densities  of  the  single  cell  are  1.229,  1.172,  and 
0.951  W  cm-2,  at  600  °C,  respectively,  with  a  SSCNbx  (x  =  0,  0.05, 
and  0.1  )-GDC  composite  cathode.  The  maximum  power  density  of 
SSCNbx  (x  =  0.05,  0.1)  is  lower  than  that  of  SSC;  however,  SSCNbx 
(x  =  0.1 )  is  more  stable  than  SSC  considering  the  thermodynamic 
behaviour  observed  from  the  coulometric  titration  experiment. 
From  these  results,  the  Nb  doped  SSC  oxide  appears  to  be  an 
acceptable  IT-SOFC  cathode  material,  considering  its  high  power 
density  and  reasonable  redox  stability. 
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